. Fundam. Appl. To.uicol. 15,[63][64][65][66][67][68][69][70][71][72][73][74]. Several assays were compared for their ability to detect inhibition of gap junctional communication in human embryocarcinoma cells exposed to the pesticide dieldrin. included in this evaluation was a recently developed assay based on the transfer of the fluorescent dye derived metabolically from S(and 6)-carboxy-2,7-dichlorofluorescein diacetate. This assay was compared to assays for fluorescence return after photobleaching (FRAP), transfer of Lucifer yellow after scrape-loading, autoradiographic visualization of [3H]-uridine nucleotide transfer, and metabolic coupling of 6-thioguanine (6-TG) metabolites. The scrape-loading assay was the most sensitive assay, detecting inhibition ofjunctional communication at all concentrations tested. Additionally. the scrape-loading assay provided the clearest demonstration of concentration-dependent inhibition ofjunctional communication, although the (3H]uridine assay also showed significant concentration-related effects. The S(and 6)-carboxy-2.7-dichlorofluorescein diacetate and 6-TG metabolic coupling assays detected significant inhibition at the two highest concentrations of dieldrin only. The FRAP assay also detected substantial inhibition at the two highest concentrations only. These results show that scrapeloading is the most sensitive assay of those compared in this study for the detection of inhibited junctional communication. Furthermore, compared to the other assays evaluated, the newly developed S(and 6)-carboxy-2,7-dichlorofluorescein diacetate assay is at least as sensitive, yet less cumbersome, less expensive, and more rapid. Finally, the results show that each of these assays was easily applied to embryonic cells, suggesting that they may be useful for evaluating disruption ofjunctional communication in embryonic cell cultures. 8 1990SocietyofToxicology.
Gap junctional communication allows the direct cell-to-cell transfer of low-molecularweight substances (Loewenstein, 1979) . This form of intercellular communication is initially observed in mammalian embryos at the late eight-cell preimplantation stage of develop ment (Lo and Gilula, 1979; Goodall and John- bryonic cells in culture, in order to compare the relative utility of the assays for the study of disruption of communication by toxicants. We chose to work with a human embryocarcinema cell line (Huberman et al., 1984) because the cells are of human embryonic origin, have in vitro growth and seeding characteristics that render them easy to work with in each of the assays, and a 6-thioguanine (6-TG)-resistant mutant, necessary for the 6-TG metabolic coupling assay, had been isolated from the parent cell line . The pesticide dieldrin was used because previous studies indicated that it inhibited junctional communication at noncytotoxic concentrations in the embryocarcinoma cell line (Zhong-Xiang et al., 1986 ). Additionally, teratogenic and embryolethal effects were reported following single, high doses of dieldrin (Ottolenghi et al., 1974) ; however, Chernoff et al. (1975) were unable to confirm the teratogenicity findings when dieldrin was administered in multiple doses.
Five assays were compared for the detection of inhibition of junctional communication: fluorescence return after photobleaching (FRAP) (Wade et al., 1986 ) Lucifer yellow transfer after scrape-loading (El-Fouly et al., 1987) 6-TG metabolic coupling (Y otti et al., 1979 (Y otti et al., : Trosko et al., 1985 autoradiographic visualization of [3H]uridine nucleotide transfer (Pitts and Simms, 1977) and an assay recently developed in our laboratory, transfer of the fluorescent dye derived metabolically from S(and 6)-carboxy-2,7-dichlorofluorescein diacetate (CDCFDA). Under the experimental conditions used, the scrapeloading assay was the most expedient procedure and demonstrated the greatest sensitivity and ability to detect concentration-dependent inhibition.
While not as sensitive as scrape-loading, the newly developed CDC-FDA assay was more rapid and less expensive than the 6-TG metabolic coupling, [3H]uridine, and FRAP procedures. The CDCFDA assay may therefore serve as a useful alternative in experiments where the scrape-loading assay cannot be applied or where confirmation with a second assay is desired. Because the scrape-loading and CDCFDA assays are easily applied to embryonic cells, they may be particularly useful for studying disruption of gap junctional communication by developmental toxicants.
MATERIALS AND METHODS
Chemicals.
Dieldrin (99%+ pure) was a gift from Dr. B. V. Madhukar (Michigan State University) and was prepared in absolute ethanol as a 5 mM stock solution. The dieldrin was stored, handled, and disposed of in accordance with the hazardous chemical guidelines of The University of Michigan. The dyes, S(and 6)-carboxyfluorescein diacetate (CFDA), CDCFDA, and Lucifer yellow CH. were purchased from Molecular Probes (Eugene, OR). Stock solutions of CDCFDA and CFDA were prepared in 10 mM concentrations in dimethyl sulfoxide and stored refrigerated. Lucifer yellow CH was prepared as a 0.05% (w/v) solution in calcium-and magnesiumfree Dulbecco's phosphate-buffered saline (CMF-PBS) (Dulbecco and Vogt, 1954) and stored refrigerated. Fluorescein-conjugated latex beads (Fluoresbrite carboxylate microspheres, ca. 1.0 pm in diameter) were purchased from Polysciences (Warrington, PA). 6-Thioguanine was purchased from SigmaChemical Co. (St. Louis, MO) and stored frozen as a stock solution (1 mg/ml) in sterile water.
Cell culture. The human embryocarcinoma (HT) cells were a gift from Dr. J. E. Trosko (Michigan State University). The HT cell line was originally isolated from PA-I cells (Zeuthen et al.. 1980 ) by Huberman et al. (1984 and has a pseudodiploid karyotype (46, XX.t[ 15:20] ). The 6-TG resistant (6-TG') cells used in the metabolic coupling assay were cloned from X-irradiated wild-type HT cells and were also a gift from Dr. Trosko.
The cells were maintained in growth medium containing Eagle's salts (Eagle, 1959) supplemented with a 50% increase of vitamins and essential amino acids except glutamine, a 100% increase of nonessential amino acids, 1 mM sodium pyruvate, 5.55 mM D-ghCOSe.
14.3 mM sodium chloride, I 1.9 mM sodium bicarbonate, and 5% fetal bovine serum. The cells were incubated in humidified air containing 5% CO2 and subcultured after trypsin digestion as needed to avoid confluence. Routine screening with the fluorescent dye Hoechst 33258 verified that cells were free of mycoplasma (Chen. 1977) .
CDCFDA dye transfer assay. Cultures of dye-donor and dye-recipient cells were prepared separately, then cocultured for sufficient time to allow cell attachment and dye transfer. The recipient cells were unlabeled and the donor cells were double-labeled with fluorescent latex beads (Mosser and Bols, 1982) and fluorescent dye (Rot-man and Papermaster, 1966) . The fluorescent dye was capable ofjunctional transfer, while the latex beads were too large to pass through the channels of gap junctions; the beads thus served to distinguish dye-donor from dyerecipient cells.
To prepare cultures of recipient cells, HT cells were seeded at a density of 9 X 1 O4 cells per 60-mm tissue culture dish (Coming) and (Rotman and Papermaster, 1966) . The cultures were rinsed three times with PBSG to remove unincorporated and surfacebound dye. The cells were harvested with trypsin, pelleted by low-speed centrifugation, and resuspended in fresh medium.
A sample of the cell suspension was counted with a hemacytometer.
The dye-donors were added to the unlabeled. dye-recipient cell cultures at a density of4. (B) Inhibition of dye transfer in cultures exposed to dieldrin: significant inhibition was observed at 7 and 11 pg/ml (p < 0.05): the data are plotted as the means f SEM of 8-I I dishes. recipients under the same filter conditions.
In each treatment group, 8-11 dishes were scored in separate experiments.
Cytotoxicity was assessed in this assay by the ability of the donor cells to retain the fluorochrome throughout the coculture period (Bruning et al., 1980 : McGinnes ef al.. 1986 : Kolber et al.. 1988 (Pitts and Simms. 1977) . Intracellularly.
[3H]uridine is phosphoribosylated to a small nucleotide that is able to pass through gapjunctions. To perform the assay, donor cells double-labeled with [3H]uridine and nontransferrable fluorescent latex beads were mixed with unlabeled recipient cells. The recipient cells were seeded in 60-mm tissue culture dishes at a density of 8 X IO' cells/dish the day prior to the experiment.
Donor cells were preloaded with latex beads during a 16-to l8-hr incubation with 2.5 X IO6 beads/ ET AL.
cm2 growth surface area. Unincorporated beads were rinsed from the culture with PBSG, and the donors were loaded with [3H]uridine (10 &i/ml) during a 3-hr incubation just prior to coculture with recipient cells. To coculture the cells, 2.5 X 10' donors were added to each recipient cell culture.
The dieldrin was diluted in medium immediately prior to addition to the cocultures, and the cells were incubated for 2.5 hr. After the transfer period, the cells were washed with PBS and fixed with 7% (w/v) trichloroacetic acid at 4'C for 30 min. The dishes were rinsed with deionized water and allowed to dry. For autoradiography, the dishes were dipped in photographic emulsion, exposed in the dark at 4°C for S-10 days, and developed with standard photographic developer and fixer. The HT cells were grown in 35-mm culture dishes to less than 50% confluence.
Fresh medium containing ethanol (solvent controls) or dieldrin was added to each culture, which was then incubated for 1 hr. The medium was removed and the dishes were rinsed three times with PBSG. To load the dye, the cells were incubated with 10 KM CFDA in PBSG for 10 min followed by three rinses with PBSG. The cultures were maintained in PBSG containing the appropriate concentration of dieldrin or ethanol (controls the cultures were rinsed three times with prewarmed CMF-PBS, and 1 ml ofa 0.05% solution of Lucifer yellow in CMF-PBS was added to each dish. The edge ofa razor blade was pressed into the monolayer to form the "scrape line" along which the dye enters the ceils. After 1 min the dye solution was removed and the cultures were rinsed three times with prewarmed PBS. The cultures remained in PBS for 15 min to allow dye transfer away from the scrape line. The PBS was then discarded and the cultures were fixed with approximately 2 ml/dish of 3.7% (v/v) formaldehyde in PBS for 15 min (Stewart, 1978) . Each culture dish was rinsed three times with CMF-PBS and two drops of 90% (v/v) glycerol were added to each fixed culture dish followed by a coverslip.
The culture dishes were examined under blue excitation (450-490 nm) using a Nikon Diaphot-TMD microscope equipped with a TMD-EF epifluorescence unit and a 520-nm barrier filter. A 10 X 10 squaregrid micrometer was placed in the eyepiece of the microscope.
Fields were selected for analysis in an unbiased manner, using a ruler placed along the edge of the stage. The stage was advanced in 1 -mm increments along the ruler length, and for each field the culture dish was adjusted to a "best fit" line with the edge ofthe micrometer grid against the edge of the scrape line. The number of squares in the grid where fluorescence was detected was determined for each field. The squares directly on the edge of the scrape line were not included as these cells were predominantly loaded with the dye directly from the scraping. This procedure was applied to both sides ofthe scrape line. A total of 18 fields were scored in each dish in replicate experiments.
Because Lucifer yellow is a membrane-impermeant dye, cytotoxicity was assessed by uptake of the dye in cells distant from the scrape line.
Metabolic coupling assay. The assay for metabolic coupling is based on transfer of the toxic metabolite of 6-TG from wild-type 6-TG sensitive cells to 6-TG' cells (Yotti et al., 1979) . In cocultures of wild-type and 6-TG' cells incubated in 6-TG-containing medium, cell survival and subsequent colony formation are limited to those 6-TG' cells that fail to form communicating junctions with wild-type cells. Increased colony formation in medium containing a test substance can thus be used as an indicator of inhibited junctional communication.
The assay was performed as described by Kavanagh et al. ( 1986) with minor modifications.
To perform the assay, the appropriate cell combinations were seeded into 60-mm tissue culture dishes and allowed to attach before exposure to the dieldrin. To measure metabolic coupling, a mixture of 200 6-TG cells was seeded with 3 X lo5 wild-type cells. densities that allowed ample cell contact and opportunity for metabolic coupling. As a measure of cytotoxicity, cell survival was determined in cocultures of 200 6-TG'cells and IO" wild-type cells. a lower cell density that allowed negligible metabolic coupling. The control groups consisted of cocultures treated with ethanol (solvent) only. Plating efficiencies were obtained by growing 200 6-TG' cells per dish, and these data were compared to data from a group in which 200 6-TG' cells were grown with IO4 wild-type cells per dish. Negligible differences were observed between the mean colony formation values of these two groups (107.5 and 106.6, respectively). The colony count from the latter group was used to calculate the relative cell survivals and recoveries. The wild-type cell population was checked for spontaneous mutants by plating 3 X IO' cells per dish in the presence of 6-TG, and no colony formation was observed. The growth media of all treatment groups contained 6-TG (IO &ml). There were eight plates per treatment group.
Dieldrin was added in 1 ml of medium 4 hr after the cells were seeded, followed 30 min later by the addition of 6-TG (10 pg/ml). The plates were changed to fresh medium containing 6-TG (IO &ml) after 3 days of incubation. After a total of 9 days the plates were stained with crystal violet and the number of colonies per plate was scored using a semiautomated colony counting system (VPC Systems, Ann Arbor, MI). Cell survivals and recoveries were then calculated as the percentage plating efficiency.
Statistical anal.vsis. The data were analyzed by the x' or Kruskal-Wallis statistic, as appropriate (Gad and Weil, 1982) , using Microstat software (Ecosoft. Indianapolis, IN). When a significant (p < 0.05) effect was observed with the x2 analysis, each treatment group was compared to the appropriate control group using the x2 (large n) or Fisher's exact (small n) test and adjusting the significance level as described by Eve&t (I 977). Similar multiple comparisons were made when a significant effect (p < 0.05) was observed with the Kruskal-Wallis test, using the distribution-free multiple comparison tests described by Hollander and Wolfe ( 1973) .
RESULTS

Junctional
communication was determined in the scrape-loading assay by the extent of dye transfer away from the scrape line. Extensive dye transfer was observed in solvent controls ( Fig. 2A, phase contrast; Fig.  2B , dark field), with a noticeable reduction of dye transfer observed at the lowest concentration of dieldrin, 3 pg/ml (Fig. 2C , phase contrast; Fig. 2D , dark field). At the highest concentration, 11 cLg dieldrin/ml, no dye transfer was observed (Fig. 2E , phase contrast; Fig.  2F , dark field). Quantitatively, dye transfer after scrape-loading was markedly inhibited to less than 50% of control values at all concentrations of dieldrin, and the inhibition was concentration-dependent (Fig. 3 , p < 0.05). The results were highly consistent between replicate experiments (Fig. 3) . Dye uptake by cells distant from the scrape line was not observed, suggesting that cytotoxicity was minimal.
Dye transfer in the CDCFDA assay was indicated by the observation of dye in contacting bead-labeled donors and non-bead-labeled recipients, as seen in the solvent control culture shown in Figs. 4a (phase contrast) and 4b (dark field). Figures 4c (phase contrast) and 4d (dark field) show an example of cells exposed to 5 pug dieldrin/ml in which no transfer was observed. Since no significant differences were observed between the experiments scored after 2.5 hr and those scored after 3.5 hr coculture, these data were combined in Fig. 1B . Some inhibition was observed at concentrations of 5 pg dieldrin/ml (79% of control value, n.s.), with near-maximal inhibition at 7 and 11 pg dieldrin/ml (Fig. lB, per-meant fluorescent dye during the coculture period.
The results of the [3H]uridine nucleotide transfer assay were similar to those of the CD-CFDA assay except that statistically significant inhibition was observed at 5 ~g dieldrin/ ml (Table 1, p < 0.05) even though the inhibition (92% of control value) at this concentration was less than that observed with the CDCFDA assay. Near-maximal inhibition was observed at 7 and 11 pg dieldrin/ml (Table 1, a < 0.05).
In the 6-TG metabolic coupling assay, inhibition of junctional communication was suggested by the increased recovery of 6-TG' mutants in cocultures, which were significantly increased with exposure to 7 or 11 pg dieldrin/ml (Fig. 5, the responses at 7 and 11 pg dieldrin/ml were similar, although the degree of inhibition at these concentrations was only about 50% of control. In parallel cultures exposed to dieldrin, cytotoxicity was indicated by cell survival. Significant inhibition of cell survival was observed at both 7 and I I hg dieldrin/ml (p < 0.05) with average values of 82 and 65% of control, respectively (Fig. 5) . Because decreased cell survival was observed at the same concentrations at which increased recovery of 6-TG' cells was observed, the metabolic coupling data may be confounded by altered cell densities due to cytotoxicity. Nonetheless, it would be predicted that altered cell density alone could not account for the magnitude of the effect observed at 7 pg dieldrin/ml.
While the FRAP assay appeared to discriminate between the different dieldrin exposures, the FRAP response in contacting cells was highly variable (Fig. 6) . A significant concentration effect was detected at 10 min post-scan (Fig. 6 , p < 0.05), but post-hoc analyses failed to detect significant differences between any exposure level and controls at p < 0.05. Statistical significance was achieved between the control and the 11 pg dieldrin/ml group at p < 0.10. It should be noted that Hollander and Wolfe ( 1973) have suggested that the conservative nature of the distribution-free multiple comparison posthoc test, recommended for these types of data, may warrant the use of p values greater than 0.05. Nonetheless, it is apparent from inspection of Fig. 6 that the high degree of variability contributed to the relatively poor discrimination between treatment groups. No FRAP was observed in isolated photobleached cells, indicating that the FRAP observed in contacting cells was cell contact dependent. However, substantial decreases in relative fluorescence were detected in some isolated unbleached cells, with values ranging from 62 to 93% of prebleach values. This suggests that uncontrolled photobleaching may have contributed to the variability observed. Dieldrin exposure did not alter the ability of the cells to metabolize the parent compound to the fluorochrome, suggesting that cytotoxicity was minimal.
DISCUSSION
Each assay detected significant inhibition ofjunctional communication by dieldrin, but only scrape-loading was able to detect inhibition at the lowest concentration tested. Additionally, the scrape-loading assay was the only one to clearly discriminate between intermediate levels of inhibition at different concentrations of dieldrin. With both the CDCFDA and the [3H]uridine assays, inhibition was slight (although statistically significant in the [3H]uridine assay) at 5 pg dieldrin/ ml, but was nearly total at 7 and 11 pg/ml. The FRAP data were highly variable, obscuring differences between treatments.
From a different perspective, these data suggest that the CDCFDA, [3H]uridine, metabolic coupling, and FRAP assays may be more sensitive to the presence of communicating junctions compared to the scrapeloading assay, exhibiting high response levels even under conditions of incomplete inhibition. These assays may therefore be preferred for investigations in which it is critical to determine the presence of any gap junctional communication.
While each of these procedures provides a measure of junctional communication, the techniques may assess different aspects of this phenomenon. The gap junction protein has a half-life in the range of 2-10 hr in liver cells Ftc. 5. Decreased cell survival (solid line) was observed at 7 and 11 pg dieldrin/ml. Inhibition of metabolic coupling is suggested by the increased recovery of 6-TG' cells (dashed line) observed at 7 and 11 fig dieldrin/ml; however, this interpretation may be confounded by the cytotoxicity at these concentrations (see text). Data are expressed as the mean percentage control f SEM. The SEMs of the 0 rg/ml groups were 1.48 and 1.12 for the cell survival and metabolic coupling experiments, respectively. The SEM of the I 1 rg/ml group in the metabolic coupling experiment was 1.06. There were eight dishes per group. (open squares) rg dieldrin/ml. Fluorescence intensity was determined prior to and immediately after photobleaching, and at 5 and 10 min after photobleaching in cells in contact with other cells. The data are expressed as the means + SEM of the percentage of the prebleach value. Although a significant concentration effect was determined (Kruskal-Wallis statistic, p < 0.05), no statistically significant differences were detected between any of the dieldrin-exposed groups and controls. (Yancey et al., 198 1; Traub et al., 1983; Revel et al., 1984; Willecke et al., 1988) , suggesting that the communicating channels themselves may be highly dynamic structures. However, since our exposures in the scrape-loading and FRAP experiments used established cultures and the exposures were only for 1 hr, the primary effect measured with these assays was most likely inhibition of previously formed channels. In contrast, since the CDCFDA, [3H]uridine, and 6-TG assays required replating of cells and, consequently, the formation of new communicating gap junctions, the responses measured by these assays may primarily reflect impairment of the establishment of junctional communication.
Because of differences in the experimental procedures, it was not possible to use the same length of exposure to dieldrin in each assay. Limitation of the exposure to I hr with the FRAP assay was based on practical considerations necessary for controlling day-today variations in culture conditions and instrument sensitivity. Since the assay required 20-30 min to analyze each field, it was neces-sary to limit the exposure to a reasonable duration. The scrape-loading experiments were performed with 1 hr exposures to allow comparison to the FRAP assay. With the CDC-FDA and [3H]uridine assays, the exposure duration was determined by the amount of time required for the cells to attach, spread, and form communicating junctions (2.5 hr). The 3-day exposure with the 6-TG metabolic coupling assay allowed consistency with the procedure as previously published (Yotti et al., 1979; Trosko et al., 1985; Zhong-Xiang et al., 1986) ; additionally, exposure durations of 1 or 2.5 hr were difficult to control and execute due to the nature of the assay. An additional difference between the assays is that the scrapeloading assay required confluent cultures, while the other assays required nonconfluent cultures.
In this comparison of assays, scrape-loading was the most sensitive, discriminating, rapid, and inexpensive one to perform. Additionally, the newly developed CDCFDA assay demonstrated several advantages compared to the [3H]uridine, 6-TG metabolic coupling, and FRAP assays. While most similar to the [3H]uridine assay, the CDCFDA assay was much less expensive and time-consuming to perform since it relied on the transfer of a fluorescent dye instead of radiolabel; this eliminated necessary precautions for radiation hazards. as well as the added effort, time, and expense of autoradiography. Compared to the metabolic coupling assay, the CDCFDA assay was also easier, faster, and less expensive, since it required fewer and smaller cultures and can be completed in a few hours instead of requiring many days. The variability encountered with the FRAP assay was high compared to that of the CDC-FDA and other assays, most likely resulting from factors difficult to control, including the concentration of fluorescent dye in neighboring cells, the number of contacting cells, uncontrolled photobleaching, and changes in instrument sensitivity. Additionally, because the FRAP assay is dependent on image analysis instrumentation, the CDCFDA assay has the advantage of requiring only a fluorescence microscope.
Previously published reports have shown that the FRAP, 6-TG metabolic coupling, [3H]uridine nucleotide transfer, and scrapeloading assays can be applied to various cell types. Similarly, we have successfully applied the CDCFDA dye transfer assay to several different cell types in our laboratory, including uterine cell lines and human embryonic palatal mesenchyme cells. However, not all cells are easy to work with in each assay, and in this case, as well as when verification with a second assay is desired, the newly developed CDCFDA assay may be a sensitive, inexpensive, and rapid alternative. Since the scrapeloading and CDCFDA assays are easily applied to embryonic cells, they may be particularly useful for studying alteration of gap junctional communication by developmental toxicants.
